The target of rapamycin (TOR) kinase is found at the core of two evolutionarily conserved complexes known as TOR complexes 1 and 2 (TORC1 and TORC2). In fission yeast, TORC2 is dispensable for proliferation under optimal growth conditions but is required for starvation and stress responses. We have previously reported that loss of function of TORC2 renders cells highly sensitive to DNA replication stress; however, the mechanism underlying this sensitivity is unknown. TORC2 has one known direct substrate, the kinase Gad8, which is related to AKT in human cells. Here we show that both TORC2 and its substrate Gad8 are found in the nucleus and are bound to the chromatin. We also demonstrate that Gad8 physically interacts with the MluI cell cycle box-binding factor (MBF) transcription complex that regulates the G 1 /S progression and the response to DNA stress. In mutant cells lacking TORC2 or Gad8, the binding of the MBF complex to its cognate promoters is compromised, and the induction of MBF target genes in response to DNA replication stress is reduced. Consistently, the protein levels of Cdt2 and Cig2, two MBF target genes, are reduced in the absence of TORC2-Gad8 signaling. Taken together, our findings highlight critical functions of TORC2 in the nucleus and suggest a role in surviving DNA replication stress via transcriptional regulation of MBF target genes. . 2 The abbreviations used are: TOR, target of rapamycin; TORC1 and -2, TOR complex 1 and 2, respectively; HU, hydroxyurea; MMS, methyl methanesulfonate; MBF, MluI cell cycle box-binding factor; mTOR, mechanistic target of rapamycin; mTORC, mTOR complex; ATR, ataxia telangiectasia and Rad3related protein; qRT-PCR, real time quantitative PCR.
Target of rapamycin (TOR) 2 is an atypical protein kinase that was isolated as the target of the immunosuppressive and anticancer drug rapamycin. TOR proteins play a central role in growth, proliferation, and survival and can be found in two distinct and evolutionarily conserved complexes, TORC1 and TORC2 (1) (2) (3) . The two TOR complexes are key regulators of cellular growth; however, they respond to different stimuli and phosphorylate distinct sets of protein substrates (1) (2) (3) . Human cells contain a single TOR protein, known as mTOR, which functions as the catalytic subunit of both mTORC1 and mTORC2. In the fission yeast, Schizosaccharomyces pombe, there are two genes encoding for TOR proteins. Tor1 interacts with Ste20 (Rictor in human cells) and Sin1 (mSin1 in human cells) to form TORC2, whereas Tor2 interacts with Mip1 (Raptor in human cells) to form TORC1 (4) . TORC1 is essential for growth in S. pombe and plays a critical role in regulating the switch between growth and sexual development in response to nitrogen starvation. Consistently, disruption of S. pombe TORC1 results in many features characteristic of nitrogenstarved cells (5) (6) (7) (8) , and TORC1-dependent phosphorylation of the small ribosomal protein Rps6 is diminished under nitrogen starvation (9) .
S. pombe TORC2 is not essential for growth but is required for cell survival under a wide variety of stress conditions, including high or low temperatures, oxidative or osmotic stress, and DNA damage or replication stresses (10, 11) . TORC2 is also essential for entrance into a stationary (G 0 -like) phase and sexual development, two processes that occur in response to nutritional starvation. Under normal growth conditions, TORC2 plays a role in regulating the timing of mitosis (12) , amino acid uptake (13) , gene silencing, and telomere length maintenance (11) . Interestingly, most if not all of the cellular functions of S. pombe TORC2 are mediated via phosphorylation and activation of its downstream substrate Gad8, an AGC (PKA, PKG, and PKC kinases)-like kinase with structural and functional similarities to AKT, the most well established substrate kinase of mTORC2 (11, 14, 15) . Although S. pombe TORC1 is responsive to the availability of nitrogen or amino acids (5) (6) (7) (8) 16) , we (17) and the Shiozaki and co-workers (18) have recently shown that S. pombe TORC2 responds to the availability of glucose. Upon glucose withdrawal or shift from glucose to a less favorable carbon source such as glycerol, there is a reduction of TORC2-dependent phosphorylation of Gad8 at serine 546 (equivalent to serine 473 in AKT) and concomitant reduced Gad8 kinase activity (17, 18) . Thus, S. pombe TORC1 and TORC2 play essential roles in regulating growth by responding to two distinct key nutritional cues.
As mentioned above, our functional analysis of cells lacking TORC2 or Gad8 indicated a role for TORC2-Gad8 in the survival under DNA damage and replication stresses (10, 11) . In the absence of TORC2 or Gad8, cells are hypersensitive to hydroxyurea (HU), methyl methanesulfonate (MMS), or camptothecin. Disruption of S. pombe TORC2 signaling does not affect Rad3 (ATR)-dependent Chk1 phosphorylation and activation, and cells lacking TORC2 or Gad8 transiently arrest cell cycle progression in response to DNA damage (10, 11) . However, TORC2-Gad8 mutants accumulate high levels of DNA damage sites (Rad52 foci), suggesting a defect in DNA damage repair or elevated levels of DNA fork replication stalling (10) . Interestingly, accumulation of DNA damage sites and sensitivity to DNA-damaging conditions were also observed in TORC2 mutant cells in the distantly related yeast Saccharomyces cerevisiae, suggesting that a TORC2 function in DNA damage tolerance is conserved in evolution (19, 20) .
One of the hallmarks of the DNA replication checkpoint is the transcriptional up-regulation of genes that allow cells to adapt to replication stress. In S. pombe, these genes are composed of the same set of genes that are normally required for DNA synthesis and the G 1 /S transition (21) . This set includes ϳ20 genes that are subjected to transcriptional regulation by the MluI cell cycle box-binding factor (MBF) complex (22) . The MBF complex contains the essential core subunit, Cdc10, and at least two other proteins, Res1 and Res2 (23) . S. pombe MBF has a functional homologue in S. cerevisiae that is also referred to as MBF and contains the Swi6 and Mbp1 proteins (24) . A mammalian functional homologue also exists and is named E2F (25) . The MBF complex is subjected to positive and negative regulation that is crucial for restricting transcriptional activation at the G 1 /S transition. The fission yeast MBF complex is bound to its target promoters throughout the cell cycle (26) . Activation during replication stress is achieved by down-regulation of the co-repressor Nrm1 (27) and the repressor Yox1 (28 -30) . In response to replicative stress, such as the presence of HU, Rad3 phosphorylates and activates Cds1 (Chk2 in human cells), which in turn phosphorylates the MBF transcriptional repressor Yox1, thereby inhibiting the binding of Yox1 to the MBF complex and allowing up-regulation of genes required for DNA replication (31) . More recently, it was demonstrated that upon DNA damage, such as high levels of MMS, Chk1 is activated and phosphorylates Cdc10, leading to its release from targeted promoters and resulting in down-regulation of DNA replication genes, possibly to prevent progression into S phase until the DNA damage is repaired (31) .
Here we show that the catalytic subunit of TORC2 (Tor1) and the major substrate of TORC2, Gad8, are found in the nucleus and are bound to the chromatin. Gad8 physically interacts with the MBF complex and is required for its full activation in response to replication stress. These results unravel a novel mode of regulation of the MBF-mediated transcriptional activation and highlight another aspect of TORC2-dependent regulation that may contribute to the role of TORC2 in surviving DNA replication stress.
Experimental Procedures
Yeast Strains, Growth Conditions, and Chemicals-S. pombe strains are described in Table 1 . All experiments were performed by using standard genetic and molecular yeast techniques as described (32) . Yeast cells were cultured in rich YE medium (0.5% yeast extract, 3% glucose) supplemented with adenine and uracil at 30°C as described previously (33) or in Edinburgh minimal medium (5 g/liter NH 4 Cl) as described before (32) . Gene deletions and tagging were performed by standard PCR-based methods (34) .
Protein Extraction and Immunoprecipitation Assays-Cells were grown to midlogarithmic phase, washed once with water, and resuspended in lysis buffer (PBS, pH 7.0, 200 mM NaCl, 0.5 mM EGTA, 0.5 mM EDTA, 0.1% Triton X-100, protease inhibitor mixture, and 1 mM phenylmethylsulfonyl fluoride). Cells were broken by bead beating (45 min at 4°C) with glass beads and centrifuged for 5 min at 1000 ϫ g, and the supernatant was collected. 20 g of total protein extract was resolved by SDS-PAGE using 10% acrylamide gels. For immunoprecipitations, 500 g of proteins were prepared and precleared with a 20-l protein A-Sepharose and protein G-Sepharose bead mixture (GE Healthcare). 2 l of MYC antibody were added to the cleared extract and incubated overnight at 4°C. The beads were washed five times with lysis buffer at a NaCl concentration of 220 mM. The resulting immunoprecipitates were loaded for SDS-PAGE using 10% acrylamide gels. Trichloroacetic acid protein extraction was performed as described in Foiani et al. (35) .
Western Blotting-Proteins were resolved by SDS-PAGE in 10 -15% acrylamide gels, transferred to nitrocellulose membranes, blocked with 5% milk in TBS with Tween 20, and immunoblotted with the indicated antibodies. Detection was carried out using the ECL SuperSignal detection system (Thermo Scientific).
Chromatin Isolation-Yeast fractionations were performed as described in Keogh et al. (36) . 25 ml of each strain were grown to an A 600 of Ϸ1 in YE medium. The cells were collected by centrifugation, washed with SB (1 M sorbitol, 10 mM DL-dithiothreitol (DTT), and 20 mM Tris⅐Cl at pH 7.4), and transferred to a 2-ml test tube. Cells were suspended in 1 ml SB, 125 l of Zymolyase 20T (Seigagaku Corp.; 10 mg/ml in SB) were added, and samples were incubated at 30°C with rotation for 60 min. The resulting spheroplasts were collected, washed twice with SB, and suspended in 500 l of EBX (20 mM Tris⅐Cl at pH 7.4, 100 mM NaCl, 10 mM DTT, and protease inhibitors). Triton X-100 was added to a final concentration of 0.5%, and the samples were kept on ice for 10 min with gentle mixing. An aliquot was taken for immunoblotting (whole cell extracts), and the remainder of the lysate was layered over 1 ml of NIB (20 mM Tris⅐Cl at pH 7.4, 100 mM NaCl, 1.2 M sucrose, 10 mM DTT, and protease inhibitors) and centrifuged (13,000 ϫ g, 15 min, 4°C). A sample of the upper layer of the cytoplasmic fraction was taken. The glassy white nuclear pellet was suspended in 500 l of EBX, and Triton X-100 was added to a final concentration of 1% to lyse the nuclear membrane. Samples were kept on ice for 10 min with gentle mixing, and an aliquot was taken (nuclear fraction). The chromatin fraction was collected by centrifugation (16,000 ϫ g, 10 min, 4°C). For the disruption of the chromatin, the chromatin fraction was resuspended in EBX except that the concentration of the NaCl was 250 mM or in EBX supplemented with 2 mM MgCl 2 , 1 mM DTT, and a 1:360 dilution of Benzonase (Sigma, E1014; 250 units/l) and treated for 30 min at 37°C with mixing every 10 min. The suspension was centrifuged (16,000 ϫ g, 10 min, 4°C), and the supernatant was collected.
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Indirect Immunofluorescence-Indirect immunofluorescence was performed as described in Schmelzle et al. (37) . Yeast cells with a genomic tagged Gad8 -6HA were grown to midlogarithmic phase and fixed for 2 h in the growth medium containing formaldehyde (3.7% final) and potassium phosphate buffer (100 mM final, pH 6.5). Cells were washed and resuspended in sorbitol buffer (1.2 M sorbitol and 100 mM potassium phosphate, pH 6.5). Cell walls were digested for 1 h at 37°C in sorbitol buffer supplemented with DTT (10 mM) and Zymolyase 20T (12.5 mg/ml). Spheroplasts were fixed on poly-L-lysine-coated glass slides and permeabilized with PBT (53 mM Na 2 HPO 4 , 13 mM NaH 2 PO 4 , 75 mM NaCl, 1% BSA, and 0.1% Triton X-100). Immunofluorescence directed against the HA epitope was performed by application of monoclonal anti-HA (F7; Santa Cruz Biotechnology) at a dilution of 1:1000 in PBT for 2 h and subsequently Cy3-conjugated rabbit anti-mouse IgG (Molecular Probes) diluted 1:1000 in PBT for an additional 60 min. DNA was stained with 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma) at a concentration of 1 g/ml. Cells were visualized with an Evos microscope (60ϫ objective). Antibodies were checked for specificity in each experiment using wild-type cells lacking the corresponding epitope.
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assays were performed as described in Aligianni et al. (29) . 50 ml of each strain were grown to an A 600 of Ϸ1 in YE medium. 1.5 ml of formaldehyde (37% solution) were added for 15 min, and then the formaldehyde was quenched with 2.5 ml of 2.5 M gly-cine for 5 min. Cells were then harvested and washed once with 15 ml of cold PBS. Cells were broken for 10 min with glass beads in 600 l of lysis buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% sodium deoxycholic acid). The supernatant was removed to a new tube (the lysate); the glass beads were washed once with 500 l of lysis buffer and added to the lysate. The protein extract was sonicated six times for 10 s at 80% amplitude with 1 min on ice between each time. The sonicated material was centrifuged for 30 min at 2500 rpm. The supernatant was used for immunoprecipitation as described above, and 10% of the extract was saved as the input material. The beads after the immunoprecipitation were washed once with lysis buffer, once with lysis buffer with 360 mM NaCl, once with washing buffer (10 mM Tris/HCl, pH 8, 0.25 M LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholic acid, and 1 mM EDTA), and once with TE (10 mM Tris/HCl, pH 8, and 10 mM EDTA). The washed beads and the input were treated with elution buffer (50 mM Tris/HCl, pH 8, 10 mM EDTA, and 1% SDS) overnight at 65°C. The DNA was precipitated, resuspended in water, and used for PCR real time analysis. All experiments are plotted as the average of at least three independent biological repeats (each biological repeat is the average of three technical PCR repeats). All measurements were normalized to the level of PCR amplification using the actin ORF.
Real Time Quantitative PCR (qRT-PCR)-RNA extractions and qRT-PCR analysis were performed as described in Laor et al. (38) . 50 ml of each strain were grown to an A 600 of Ϸ1 in YE medium before further processing.
Results

TORC2-Gad8 Is Found in the Nucleus and Is
Bound to the Chromatin-TOR complexes were originally thought to act predominantly in the cytoplasm or in association with cellular membranes. TORC1 is closely associated with the vacuolar membrane in many different organisms, whereas TORC2 is associated with the plasma membrane (39 -42) . More recently, many studies have shown that TORC1 (39, (41) (42) (43) (44) (45) and TORC2 (39 -42) are also found in the nucleus and are required for several nuclear functions. AKT, the kinase acting downstream of mTORC2, was also originally located to the plasma membrane but is currently known to have additional functions in the nucleus (28, 32, 34, 36, 46) . Because we have identified several nuclear functions for TORC2-Gad8, such as control of gene expression, telomere length maintenance, and gene silencing (11) , we examined the cellular localization of Gad8 using biochemical fractionations. We isolated proteins from cells expressing chromosomally tagged Gad8-HA, a fully active version of the Gad8 protein (14, 17) , and separated proteins that are localized to the nucleus from those in the non-nucleus fractions. Detection of histone H3 and Rps6 was used as markers for nuclear and cytoplasmic proteins, respectively (Fig. 1A) . We found that the majority of Gad8 is localized to the nucleus, whereas only a minor fraction of the protein is in the cytoplasmic fraction. Biochemical separations of the nuclear fraction into chromatin-bound and soluble proteins suggest that Gad8 is bound to the chromatin (Fig. 1A) . The association of Gad8 to the chromatin is independent of Gad8 activity. Accordingly, a kinase-inactive mutant of Gad8 (Gad8-KD-HA (14)) remained mainly in the chromatin fraction. Also, inactive Gad8-HA isolated from cells lacking the catalytic subunit of TORC1 (⌬tor1) localized to the nucleus (Fig. 1B) , and Gad8-HA remained bound to the chromatin fraction under glucose starvation, a condition under which Gad8 is inactive (17, 18) (Fig. 1B) . Because cells mutated in TORC2 or gad8 ϩ are sensitive to DNA replication stress (10, 11) , we examined the cellular distribution of Gad8-HA in the presence of HU but did not detect a significant effect on the pattern of Gad8-HA localization (Fig. 1B) .
Because Gad8 is a substrate for Tor1, the catalytic subunit of TORC2, we next analyzed the localization of a chromosomally tagged Tor1 (Tor1-FLAG). Similar to Gad8, Tor1-FLAG was found in association with the chromatin fraction (Fig. 1C) , and its nuclear localization was not affected by glucose starvation or treatment with HU (Fig. 1C ). When we attempted to disrupt the chromatin fraction either by treatment of the chromatin pellets with 250 mM NaCl or by addition of the nuclease Benzonase, we partially released the H3 histone from the chromatin pellets and similarly partially released Gad8 or Tor1 from the chromatin fraction (Fig. 1D) . These findings support the association of Tor1 or Gad8 with the chromatin fraction.
Although Tor1-FLAG is mainly associated with the nucleus, Tor2-FLAG, the catalytic subunit of TORC1, is evenly distributed between the nuclear fraction and the non-nuclear fraction (Fig. 1E) . These results suggest that both TORC1 and TORC2 are found in the nucleus, but TORC2-Gad8 can be more readily detected in the nucleus.
To further explore the subcellular localization of Gad8, we used in situ immunofluorescence. We found that Gad8-HA is dispersed throughout the cytoplasm but is also found in the nucleus (Fig. 2 ). Quantitative differences in cytoplasmic to nuclear distribution probably reflect differences in the methods of detection. However, both methods of detection indicate that Gad8 is found both in the cytoplasm and in the nucleus.
Gad8 Physically Interacts with the MBF Complex-We have previously shown that mutants lacking TORC2 or gad8 ϩ are sensitive to DNA replication stress induced by HU (10, 11). One of the major transcription factors activated in response to DNA replication stress is the MBF complex (22, 27, 31) . We therefore speculated that TORC2-Gad8 may directly interact with the MBF complex. To address this possibility, we examined physical interactions between Gad8 and the main subunits of the MBF complex, Cdc10, Res1, and Res2. We created double tagged strains that expressed genomic tagged Gad8-HA together with Cdc10-MYC, Res1-MYC, or Res2-MYC. Gad8 readily co-immunoprecipitated with each of the tested MBF subunits (Fig. 3A) . The interaction between Gad8 and the MBF complex is independent of Gad8 activity as the kinase-dead version of Gad8 also readily interacted with the different subunits of the MBF complex (Fig. 3B ). Because the MBF complex is regulated in response to DNA stresses (31), we analyzed the interaction between Gad8 and the MBF complex under DNA replication stress (HU) or in the presence of the DNA-damaging agent MMS. In both cases, the interaction between Gad8 and the MBF complex is preserved (Fig. 4) . These results demonstrate a physical interaction between Gad8 and the MBF complex that is independent of the activity of Gad8 or DNA replication or -damaging conditions. TORC2-Gad8 Affects the Efficiency of DNA Binding Activity of the MBF Complex-Gad8 interacted with the subunits of the MBF complex ( Figs. 3 and 4) , and our previous functional analysis of Tor1 indicated a reduced transcriptional activation in response to hydroxyurea of cdt2 ϩ and cdc18 ϩ , two MBF-targeted genes (11) . Thus, we examined the effect of ⌬tor1 and ⌬gad8 mutations on the binding efficiency of the MBF complex to its promoters. We selected three well established targets of the MBF complex: cdt2 ϩ , encoding the adaptor subunit of an E3 ubiquitin ligase that is essential for initiating DNA replication; cdc18 ϩ , encoding a minichromosome maintenance complex loader; and cdc22 ϩ , encoding for the large subunit of ribonucleotide reductase. We found that the binding of the MBF subunits Cdc10, Res1, and Res2 to the promoters of cdc22 ϩ , cdt2 ϩ , and cdc18 ϩ was reduced to 20 -60% in ⌬tor1 or ⌬gad8 mutant cells compared with wild type under normal growth conditions or under DNA replication stress (Fig. 5) . These results suggest that TORC2-Gad8 is required for efficient binding of the MBF complex and may thus affect transcriptional regulation of MBF-targeted genes.
TORC2-Gad8 Increased Expression of MBF Target Genes in Response to DNA Replication Stress-To further examine the effect of TORC2-Gad8 on MBF-mediated transcription, we used qRT-PCR to examine the transcript levels of five different MBF target genes, cdt2 ϩ , cdc18 ϩ , cdc22 ϩ , cig2 ϩ , and mik1 ϩ , in TORC2-Gad8 Regulates the MBF Complex ⌬tor1 or ⌬gad8 mutant cells. We did not observe a significant difference between the wild-type and mutant cells in transcript levels under normal growth conditions (Fig. 6, A and B) . However, although wild-type cells showed a 4 -8-fold induction of gene expression of the MBF target genes in response to HU, there was only a 1.5-2.6-fold induction in ⌬tor1 or ⌬gad8 mutant cells (Fig. 6A) . Thus, TORC2-Gad8 is required for activation of MBF in response to HU.
When cells are exposed to DNA replication stress, the checkpoint kinase Rad3 phosphorylates and activates the kinase Cds1, which in turn phosphorylates and inactivates the MBF repressor Yox1, allowing induction of MBF-dependent transcription (31) . We previously showed that ⌬tor1 mutant cells are sensitive to HU in a manner that is additive with the sensi-tivity of ⌬cds1 mutant cells to the drug (10, 11) , suggesting that Cds1 and Tor1 work on two separate pathways. Here, we examined the level of MBF-dependent transcription in ⌬tor1 ⌬cds1 double mutant cells. Upon exposure to HU, the double mutant cells show no induction of MBF transcription, similar to the single parental strains. We detected no additive effects with respect to the level of expression of cdc22 ϩ , cdt2 ϩ , or cdc18 ϩ under normal growth conditions (Fig. 6B) . To further explore the relationship between TORC2-and Cds1-dependent pathways, we examined the phosphorylation status of Yox1, a downstream effector of Cds1 (31), in ⌬tor1 or ⌬gad8 cells. We found that Yox1 is normally phosphorylated in response to HU in ⌬tor1 or ⌬gad8 mutant cells (Fig. 6C ). In agreement with Yox1 being a negative regulator of the MBF complex (47), deletion of FIGURE 1. Cytoplasmic and nuclear distribution of Tor1 (TORC2), Gad8, and Tor2 (TORC1). A, subcellular fractionations of cells suggest that a large proportion of Gad8 is in the nucleus in association with the chromatin fraction. Whole cell extracts (WCE) of chromosomally tagged gad8-HA were separated into cytoplasmic (Cyt), nuclear (Nuc), and chromatin (Chr) fractions and immunoblotted with the indicated antibodies. Antibodies against Rps6 and histone 3 (H3) were used to confirm purity of cytosol and nuclear fractions, respectively. B, the association of Gad8 to the chromatin is independent of its activity. Wild-type, ⌬tor1, or gad8-KD (gad8 K259D ; a kinase-dead allele) cells carrying the gad8-HA allele were grown in rich YE medium, treated for 1 h with 12 mM HU, or transferred for 1 h to Edinburgh minimal medium containing no carbon source (ϪG). C, subcellular fractionations of cells suggest that Tor1 is mainly nuclear and is associated with the chromatin. Cells containing chromosomally FLAG-tagged Tor1 were left untreated in rich YE medium, treated for 1 h with 12 mM HU, or transferred for 1 h to Edinburgh minimal medium containing no carbon source (ϪG). D, release of Gad8 or Tor1 from the chromatin whole cell extracts (WCE) of chromosomally tagged gad8-HA or tor1-FLAG fractionated as described above. The chromatin fraction was treated either with 250 mM NaCl or Benzonase, and the supernatant was analyzed. E, Tor2 is equally distributed between the cytoplasmic and non-nuclear fractions. Cells containing chromosomally FLAGtagged Tor2 were biochemically fractionated as above and immunoblotted with the indicated antibodies. APRIL 22, 2016 • VOLUME 291 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 9375 yox1 ϩ caused induction in MBF-dependent transcription under normal growth conditions. However, the double mutant ⌬tor1 ⌬yox1 failed to induce MBF-dependent transcription under normal conditions or in the presence of HU (Fig. 7A) . Thus, TORC2-Gad8 is required for MBF gene induction independently of Yox1 status of phosphorylation. Consistently, deletion of yox1 ϩ in a tor1 ϩ background did not repress the HU or camptothecin sensitivity of tor1 ϩ mutants (data not shown). We also examined the possibility that TORC2-Ga8 may affect the binding of Yox1 to its cognate promoters. Yox1 binding to the MBF target genes is weakly reduced in ⌬tor1 or ⌬gad8 mutant cells ( Fig. 7B) and cannot explain the inability of TORC2-Gad8 mutant cells to induce MBF transcription in response to HU. Taken together, our results suggest that TORC2-Gad8 does not regulate MBF transcription via the Cds1-Yox1 pathway.
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We also examined the effect of a cdc10-2E mutant allele on MBF-mediated transcriptional activation in the absence of TORC2-Gad8. cdc10-2E is a cdc10 allele in which serine 720 and threonine 723 are substituted with glutamate, mimicking constitutive phosphorylation of these sites and leading to constitutive activation of Cdc10 and elevated levels of MBF-mediated transcription in the absence of DNA replication stress. The cdc10-2E mutation suppressed the HU sensitivity of ⌬cds1 cells (22) , supporting a scenario in which Cds1 activation in response to HU leads to phosphorylation and activation of Cdc10. More recently it was suggested that Chk1 is the kinase responsible for phosphorylation of Cdc10 in response to exposure to MMS (31) . We confirmed that ⌬chk1 did not affect the levels of cdc22 ϩ , cdt2 ϩ , or cdc18 ϩ transcripts in response to HU, whereas the response was abolished in single ⌬tor1 or dou-ble ⌬tor1 ⌬chk1 mutant cells (Fig. 7C) . Importantly, the cdc10-2E mutation did not rescue the defect in activation of MBF-mediated transcription in ⌬tor1 or ⌬gad8 mutant cells (Fig. 7D ) or the sensitivity of ⌬tor1 mutant cells to HU (data not shown). These results support a model in which the TORC2-Gad8 pathway regulates MBF activity in a manner that is independent of both Cds1 and Chk1.
TORC2-Gad8 Affects the Expression Level of Cdt2 or Cig2 at the Protein Level-One of the MBF-targeted genes is cdt2 ϩ , encoding the alternating partner of the E3 ubiquitin ligase Cul4-Ddb1-Cdt2, which is involved in the degradation of the licensing factor Cdt1 (48). Because we showed reduced binding of the MBF complex to the promoter of cdt2 ϩ in ⌬tor1 or ⌬gad8 mutant cells (Fig. 5 ) as well as a reduced level of transcription in response to HU (Figs. 6 and 7) , we examined the protein levels of Cdt2 in the mutant cells. We observed a reduction of Cdt2 protein levels under normal conditions as well as slower and weaker induction of Cdt2 in response to HU (Fig. 8A) . Thus, TORC2-Gad8 affects regulation of Cdt2 protein level under normal and replication stress conditions. However, overexpression of cdt2 ϩ in ⌬tor1 mutant cells failed to suppress their sensitivity to HU or camptothecin (data not show). Notably, we found that the level of Cdt2 is reduced in ⌬tor1 or ⌬gad8 even under non-stressed conditions (Fig. 8A) , conditions under which we do not detect a decrease in transcript level of cdt2 ϩ (Fig. 6A ). These findings may suggest a post-transcriptional mode of regulation of TORC2-Gad8 that affects the Cdt2 level. cig2 ϩ is another well known target gene of the MBF complex (23) . Cig2 is a B-type G 1 /S cyclin. Similar to Cdt2, the protein level of Cig2 is increased in response to HU in wild-type cells but not in ⌬tor1 or ⌬gad8 mutant cells (Fig. 8B) . The reduction of Cdt2 and Cig2 protein levels in TORC2 or ⌬gad8 mutant cells further demonstrates the significant role that TORC2-Gad8 plays in controlling MBF target gene expression.
Discussion
A major question in the TOR field is where the TOR complexes localize within the cell. It has already been shown that TOR phosphorylates distinct substrates at different cellular locations, and there are varying results on the cellular localization of TOR complexes (39 -42) . In particular, relatively little is known about the roles that TOR complexes play in the nucleus. In this report, we demonstrate that the catalytic subunits of S. pombe TORC1 (Tor2) and TORC2 (Tor1) are found in the nucleus and are bound to the chromatin fraction ( Fig. 1) . Using biochemical fractionations, we found that Tor2 (TORC1) is evenly distributed between the nucleus and non-nucleus fraction, whereas Tor1 (TORC2) and its substrate Gad8 are mainly localized to the nucleus. In this respect, it is interesting to note that using a similar approach it has been shown that human mTORC2 is more readily detected in the nucleus compared with mTORC1 (49, 50) . A large body of evidence demonstrates that AKT, the mammalian homologue of Gad8, is found in the nucleus where it functions to prevent apoptosis and control cell cycle progression, cell differentiation, mRNA export, and DNA repair (for a review, see Ref. 46) . Although our biochemical approach indicates that the majority of Tor1 and Gad8 resides in the nucleus, our immunostaining approach indicates a more FIGURE 2 . Immunostaining suggests that Gad8 is dispersed throughout the cell. Cells carrying chromosomally tagged gad8-HA were fixed and subjected to indirect immunofluorescence using a monoclonal anti-HA antibody. DIC, differential interference contrast.
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even distribution between the cytoplasm and the nucleus. Quantitative differences in cytoplasmic to nuclear distribution may reflect the method of detection. Although the indirect immunofluorescence procedure fixes growing cells, the biochemical fractionation procedure requires the preparation of spheroplasts, which is stressful for the cells and may thus induce localization of Tor1 or Gad8 into the nucleus. However, our data suggest that Tor1 and Gad8 can be found in the nucleus where they may interact with specific targets, such as the MBF complex. Differences in the techniques used may also explain the discrepancy between our findings and previous results showing by fluorescence microscopy that Gad8-GFP and Ste20-GFP are mainly localized to the cytoplasm (51) . Because the Gad8-GFP and Gad8-HA constructs are both functional, the observed differences are not due to compromised activity of the tagged protein but could result from the use of different protein tags.
Our finding that TORC2-Gad8 is found in the nucleus is supported by the readiness by which Gad8 co-immunoprecipitated with the nuclear MBF complex ( Figs. 3 and 4) . The interaction of Gad8 with Cdc10, Res1, and Res2, the three main subunits of the MBF complex, is independent of Gad8 activity and does not respond to DNA replication stress. The MBF complex is important for transcription of DNA replication genes and genes required for the response to DNA damage (31) . We have previously shown that TORC2 is essential for the survival of S. pombe cells under DNA replication stress conditions (10, 11) . In this study, we show that in the absence of TORC2 or Gad8 the MBF complex is loaded less efficiently to its targeted promoters, cdc18 ϩ , cdc22 ϩ , and cdt2 ϩ (Fig. 5) , and there is a significant decrease of transcriptional induction of the MBFdependent genes in response to DNA replication stress (Fig. 6 ). Although we detected a reduction in binding of the MBF complex to its cognate promoters in TORC2-Gad8 mutant cells under normal growth conditions, there is no reduction in gene expression under normal growth conditions ( Figs. 6 and 7) . Thus, the reduced binding of the MBF complex in TORC2-Gad8 mutant cells is insufficient only for transcriptional induction.
Consistent with the inability of TORC2-Gad8 mutant cells to induce MBF-mediated transcription in response to HU, we detected reduced protein levels of Cdt2 and Cig2, two MBF target genes, in ⌬tor1 or ⌬gad8 mutant cells. Interestingly, we observed a decrease in the protein level of Cdt2 also under normal growth conditions ( Fig. 8 ), suggesting that TORC2-Gad8 may also affect the protein level of Cdt2 post-transcriptionally.
The activation of the MBF complex is regulated by Cds1 and Chk1, the two main checkpoint kinases that lie downstream of FIGURE 3 . Gad8 physically interacts with the MBF complex. A, detection of physical interactions between Res1, Res2, or Cdc10 and Gad8. Protein extracts from wild-type cells expressing the indicated chromosomally tagged proteins were immunoprecipitated with anti-MYC antibody. Western blotting was performed using either anti-HA or anti-MYC to detect the presence of tagged proteins within the immune complexes. The expression levels of the indicated proteins before immunoprecipitations is shown (Input). Act1 was used as a loading control. B, the kinase activity of Gad8 is not required for its interaction with Res1, Res2, or Cdc10. Physical interactions between Res1, Res2, or Cdc10 and gad8-KD (gad8 K259D ; a kinase-dead allele) were detected as above. IP, immunoprecipitation. FIGURE 4. Gad8 physically interacts with the MBF complex under DNA stress conditions. Cells carrying the indicated chromosomally tagged proteins were grown in rich medium and left untreated or exposed for 1 h to 12 mM HU or 0.03% MMS. Western blotting was performed using either anti-HA or anti-MYC as described in Fig. 2 . IP, immunoprecipitation. . Tor1 and Gad8 are required for induction of MBF-targeted genes independent of Yox1 phosphorylation. A, TORC2-Gad8 is required for induction of MBF-targeted genes in response to HU. Expression levels of cdc22 ϩ , cdt2 ϩ , cdc18 ϩ , cig2 ϩ , and mik1 ϩ in WT, ⌬gad8, or ⌬tor1 cells were determined by qRT-PCR. Total RNA was prepared from untreated cells (Ϫ) or cells treated with 12 mM HU for 3 h (ϩ). The level of act1 ϩ mRNA was used as a reference. Each value is the mean of at least three independent assays, and the error bars indicate S.D. B, the expression level of MBF-targeted genes in ⌬cds1⌬tor1 double mutant cells is similar to that in ⌬cds1 or ⌬tor1 single mutant cells. C, Yox1 is normally phosphorylated in TORC2 or Gad8 mutant cells. Total protein extracts were prepared by trichloroacetic acid extractions from WT, ⌬gad8, or ⌬tor1 strains expressing genomic Yox1-MYC. Cells were grown in rich medium (Ϫ) or treated with 12 mM HU for 1 h (ϩ). Antibody against Act1 was used as a loading control.
Rad3 (ATR). Cds1 regulates the phosphorylation of Yox1, thereby inhibiting the repressive effect of Yox1 on MBF activity. We did not detect any effect on Yox1 phosphorylation in ⌬tor1 or ⌬gad8 mutant cells. Furthermore, disruption of yox1 ϩ did not suppress the inability of TORC2-Gad8 mutant cells to induce MBF transcription in response to HU ( Fig. 7 ), suggesting that TORC2-Gad8 does not affect MBF activity via the Cds1-Yox1 module. Also, TORC2-Gad8 does not appear to affect MBF activity via Chk1. We detected no activation of Chk1 in the absence of TORC2 or Gad8 (10, 11) , and disruption of chk1 ϩ did not affect the defect in MBF activation in TORC2-Gad8 mutant cells. Our observation that the cdc10-2E allele cannot rescue the defect in MBF activation in TORC2-Gad8 mutant cells or their HU sensitivity further implies that TORC2 regulates the MBF independently of the DNA damage or replication checkpoint.
In mammalian cells, E2F, the homologue of the MBF complex, interacts with DNA damage proteins to function as a sequence-specific transcriptional activator of cellular genes, including those associated with growth, proliferation, and DNA damage response (52) . The strong conservation in the DNA damage response between yeast and mammalian cells suggests that TORC2 may be involved in similar processes in humans too and may be relevant to DNA damage-related diseases, among them cancer.
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